Future space structures have many closely spaced, lightly damped natural frequencies throughout the frequency domain. To achieve desired performance objectives, a number of these modes must actively be controlled. For control, a combination of collocated and noncollocated sensors and actuators will be employed. The control designs will be formulated based on models which have inaccuracies due to unmodeled dynamics, and variations in damping levels, natural frequencies and mode shapes. Therefore, along with achieving the performance objectives, the control design must be robust to a variety of uncertainty.
Introduction
Collocated control is often taken to be the solution to vibration attenuation in large space structures. One benefit of this approach is that single-input/single-output (SISO) control laws can be synthesized that are robust and attenuate vibration at the collocation point. Unfortunately, collocated control is limited by the placement of the sensor/actuator pairs, the amount of force the actuators are able to be exerted on the structure and its ability to achieve performance objectives at other locations, besides the point of collocation, on the structure. Noncollocated control, on the other hand, takes advantage of measuring the exact quantity at the sensor locations to be controlled, provided the sensors are placed at locations where performance is desired. Noncollocated control is constrained by the actuators having to attenuate vibration at sensor locations through a flexible structure.
Control designs using noncollocated and collocated sensors and actuators are synthesized for the Caltech flexible structure to investigate the benefits and limitations of each approach. This paper addresses the question of whether performance is restricted by the noncollocation of the sensors and actuators or the uncertainty associated with modeling of the flexible structure. These results are compared to the use of collocated sensors and actuators for vibration suppression. Both theoretical and experimental results are included.
The paper layout is as follows: Section 1 provides an introduction to the control design problem. Section 2 details the Caltech experimelntal flexible structure with a brief background on the structured singular value (p) framework, used for control design, in secJohn C. Doyle Dept. of Electrical Engineering California Institute of Technology Pasadena, C& 91125 tion 3. Section 4 describes the control problem formulation with the results presented in section 5. A summary of the research is provided in the final section.
Caltech Flexible Structure
The Caltech experimental flexible structure is designed to include a number of attributes associated with large flexible space structures [BalDoyl, BalDoy2, Balas] . These include lightly damped, closely spaced modes, collocated and noncollocated sensors and actuators, and numerous modes in the controller crossover region. All the longerons are shrunk fit and welded to the mating brackets.
The entire structure hangs from a mounting structure fixed to the ceiling. The three voice coil actuators act along the first bay diagonals. Three additional proof mass actuators are mounted to the bottom, third bay, and positioned parallel to the sides of the triangular platform. The center of each proof mass actuator is located in the center of the platform side. Three accelerometers are positioned parallel to the platform sides, corresponding to the proof mass actuators, and located on bays 2 and 3. The three accelerometers on platform 3 are collocated with the proof mass actuators. The actuators are mounted on the bottom of the platform and the sensors on top. The actuators we rated at *1.37 kg (31k) of force at *5 volts and have a bandwidth of 60 Hz.
Proof Mass Actuators
The proof mas actuators, built by Northern Magnetics Inc., opate on the same principls as the voice coil actuator. A st of permanent magnets are mounted on a shaft, which is surrounded by a winding of wire and a plastic sleeve. The winding and plastic casing ride on bearing alog the shaft holding the permanent magnet. By pasing a current through the windings, a magnetic flux is generated, producing a force. The force sets the winding and sleeve in motion relative to the shaft and magnets, with the direction of the movement depending on the polarity of the current. The movement of the windiW and metal casing produces an inertial force, which is transmitted to the structure.
Ideally, the voltage input would be proportional to the force output. This is not the case as the strength of the permanent magnetic draws it to the LVDT case, core and its bearings, causing alignment problens and rubbing between the mounting structure and the LVDT. Thbis leads to stiction and friction in the actuators. A parasitic effect is noticed due to the realignment of the magnetic field in the LVDT case with each oscillation. The combination of these effects result in the actuator exhibiting a nonlinear response to input excitation. A ocal feedback system, employing an LVDT snor, is designed to provide centering of the actuator at low frequencies and improved linear response in the frequency range of 0.5
Hz to 8 Hz (BalasJ.
Proof Mass Actuator Control Laws
The noniear response of the proof mass actuators presents a difficult control problem. At low mnplitude, the command signal needs to be large to overcome the stiction. As the anplitude of the conmand signal increase, s does the gain of the proof mass actuator. Therefore a pure high gain feedback loop wil destabilize the system as the input command amplitude is increased. As the command signal increases, the control law needs to guard against the amplitude of response so as not to exceed the force linitations on the motor. A nonlinear control law is developed, which nonlinearly amplifies small signals and exhibits a linear relationship as the signal level increases. The lier control law has an integrator at low frequency to center the mas with phase lead to push the bandwidth of the system out to approximately 8 Hz. The closed-loop response of the proof maw actuato varies by a factor of 2.5 between 0.2 and 8 Hz, for input amplitudes varying between 0 and 360. The deviation of the actuator from a linear response is accounts for in the control design by uncertainty models. figure 3-(b) . Hence, the synthesis problem involves finding a stabilizing controller K such that the performance requirements are satisfied under prescribed (VC) actuators are used for control purpose in the noncollocated problem formulation. The magnitude of the VC actuators is constrained to 4±3 lb of force for ±SV input signals included in the noncollocated problem formulation. The local feedback loop around the proof mass actuators used in the collocated control design requires the control laws to command displacement of the moving ma. The stroke limit on the moving man, 41.0 in., is translated into a magnitude bound of 1500 on the proof man actuator commands. These constraints on the actuators are mcluded in the problem formulation as magwt.
Modeling of Experimental Structures
The input disturbance in both design is modeled as a white noise signal filtered by 4i2. The j. lc norm of thetransfer function between the disturbance input to the sensor output represents the performance objective in the control problem formulation.
Noncolocated
In the noncollocated control deign problem, the transfer function between the input disturbance at proof maw actuator 1 and sensr Therefore, only attenuation of the resonant peaks is specified in the performance criteria. Sensors 4, 5, and 6 are filtered by 225 to weigh the resonant peaks of the structure equally and scale them accordingly for performance. These are defined by perfwit in the control problem block diagram. For performance, an 8 to 1 reduction in the peaks of the flexible mode is desired. A sensor noise level of 2 x o0-3 is included in the design. The actu weight is selected to be .1 which translates into a 1% input multiplicative uncertainty.
Collocated
The resonant peaks of the transfer function between voice coil actuator 1 and sensors 4, 5, and 6, seen in figure 5 , are initially scaled to one. A constant performance weight, perfwt in the block diagram, is used to select the desired vibration attenuation level. For performance, an 10 to 1 reduction in the peaks of the flexible mode is desired. A sensor noise level of 2 x 10-3 is included in the design.
The actu weight is selected to be .1 which translates into a 1% input multiplicative uncertainty.
Control Designs
There are a limited number of weights used in the noncollocated and collocated control problem formulations. This is due to the nominal models, which include disturbance excitations, having 35 states. back loops adds damping to the torsional modes of the structure. The local feedback loop increased darnping levels by a factor of 2.5 on several of the torsional modes. A detriment in using the local proof mass control loops is that they increase the level of ambient disturbance above 7 Hz by a factor of 10. This is attributed to the stiction/friction in the proof mass actuator vibrating the structure.
Results
The behavior of the proof mass actuators limits performance of the control designs for both the collocated and noncolocated case. The proof mass actuators impart large forces at high frequency which translate into large accelerations of the collocated sensors. These accelerations are on the order of the response of the structure due to excitation of a flexible mode, shown in figure 7. The voice coil actuators are only able to substantially affect the flexible modes of the structure. Therefore, only minmal vibration attenuation is possible at frequencies that are not associated with flexible modes regardless of the accuracy of the model. The achievable vibration attenuation using the proof mass actuators as control actuators is limited. The control authority of these actuators is hindered at low frequency by low force levels. The inertial force transmitted to the structure is a function of the moving mass and its acceleration. Acceleration is the second derivative of displacement, hence to achieve the same force at half the natural frequency, the moving mass requires four times the displacement. Given that the moving mass is approximately 0.35 kg (0.8 lb) and the maximum stroke is 41.0 in., the proof maw actuator generates 4 x 10-i lb of force at the first natural frequency of the structure, 0.9 Hz. This is contrasted by the ability of the voice coil actuators to input up to 3 lb of force at this frequency.
The effects of stiction/friction are noticed in the response of the proof mass actuators despite the local feedback loop. The local feedback around the proof mas actuators does not completely eliminate the problems due to the stiction/friction. The output force of proof mass varies considerably above 5 Es. This is a severe limitation when the proof mass actuators are used for control purpoes. This is especially evident at the third torsional mode of the structure. The high frequency forces impacted to the structure from the proof mass actuators limit the performance of the collocated control laws.
The noncollocated control design emphasized attenuating the response of the nine flexible modes of the Phase Iexperiment between 0.9 and 6.3 Hz, and has minimal or no effect at other frequency points. The collocated control designs attenuate vibration at the sensors by limiting the motion of the third platform. The entire structure may be vibrating provided the platform remins quiet. The proof mass actuators are able to attenuate vibration of the torsional modes the best. This is expected because they exert force perpendicular to a lever arm from the center of the structure. Unfortunately, these actuators are of less assistance in attenuating vibration of the second and third bending modes. The proof mas actuators have little control authority over the response of these modes while the voice coil actuators have their largest influence on these modes.
The performance objective is the same as in the noncollocated design. Notice that the proof mass actuator control laws attenuate vibration only at sensors 4, 5 and 6. Figure 8 is 
